We have studied finite-sized single band Hubbard chains with Fibonacci modulation for different fillings within a mean field approximation. The ground state properties, together with the dc conductivity both at zero and non-zero temperatures, are calculated for such quasi-periodic Hubbard chains. While a reduction in the conductivity is found for strong electronic interaction or strong Fibonacci modulation, a competition between these two is observed to enhance the conductivity. The charge and spin order parameters behave unusually in cases away from half-filling in presence of the Fibonacci modulation, the reason for which is found in typical charge and spin density profiles. The results at finite temperatures also illustrate some interesting features of such finite-sized systems.
I. Introduction
In recent years the study of the interplay of correlation and disorder in condensed matter systems has become a subject of great interest. Some recent experimental results, e.g. the metal-insulator transition (MIT) in two dimensional electron gas in Si-MOSFETs [1] , suggest that there exists a competition between the electronic correlation and the disorder in such systems. Sheer complexity of the problem of considering simultaneous effects of both correlation and disorder attracted the attention of the researchers over the past few years. For example, the effect of Hubbard correlation in presence of random disorder has been studied using quantum Monte Carlo techniques [2] and the bosonization [3] . Persistent current in disordered mesoscopic rings with spinless fermions, threaded by a magnetic flux, has been calculated by using exact diagonalization technique for finite-sized systems [4] . Similar systems with Hubbard correlation has been studied by density matrix renormalization group (DMRG) [5] . It seems interesting at this point to study the effect of electronic interaction in a quasi-periodic lattice. This not only interpolates between the extreme cases of full grown order and random disorder, but also gives some insight into the electronic properties of quasi-crystalline superlattices which are now realizable in the laboratory. Since the discovery of the quasicrystals [6] , the electronic properties of these novel systems have been studied with great interest. The low temperature studies [7] of the electronic conductivity of the quasicrystalline systems pose some interesting questions. On the other hand, recent fabrication of quasicrystalline samples with local magnetic moments [8] raise the issue of dealing with the electronic correlation in quasicrystalline materials. Consequently, some works have already been carried out in this direction which include bosonization and weak-coupling renormalization group (RG) studies of interacting spinless fermions with diagonal Fibonacci modulation [9] . Hartree-Fock calculations for such Fibonacci-Hubbard chains have also been done [10] to identify the nature of the single particle spectrum and that of the wavefunctions in case of small electronic correlation. Recently, diagonal and off-diagonal Fibonacci modulations in an otherwise periodic Hubbard model has been studied by a weak-coupling RG, complemented by a DMRG calculation [11] , which makes an attempt to identify gaps in the spin/charge sectors. However, to the best of our knowledge, a direct calculation of the electronic conductivity for such a system is yet to be done.
In view of this perspective we attempt a study of the competition between a quasiperiodic "disorder" (e.g. Fibonacci modulation in site potentials) and an on-site electronic correlation (e.g in the one band Hubbard model) in one dimension. The present study mainly concentrates on the calculation of the Drude weight [12] within a generalized Hartree-Fock approximation (GHFA) for studying the dc conductivity of such chains of finite lengths at half-filling or close to the half-filling. We have also studied the charge and spin density order parameters to characterize the ground state. It may be noted here that the study of the Drude weight may not be meaningful for a very large system with strong correlation or disorder [13] . For example, the strong on-site correlation could suppress the conductivity at half filling for a large chain. Therefore, our calculation is restricted to small finite systems in order to resolve the issue of competition between correlation and disorder. In fact previous Hartree-Fock studies of similar systems of large sizes [10] did not attempt the calculation of conductivity and were restricted to the limit of small correlation only (neglecting spin polarization) which is not expected to fully capture the essence of the competition between correlation and disorder.
In section II we define the Hamiltonian and explain the calculations in GHFA. Section III describes the results obtained from GHFA for zero temperature at and away from half-filling. Section IV deals with the results at finite temperature. Section V summarizes the present work.
II. The Model and the GHFA calculations (i) Zero temperature calculation
The Fibonacci sequence in any generation grows as: ABAABABAABAABABAABABAABAABABAABAAB.......... , growing with the generating rule where A goes to AB and B goes to A in the next generation. For an infinite Fibonacci chain the ratio of A to B is ( √ 5 + 1)/2, which is known as the golden mean.
We take a finite chain of N sites, where N is a Fibonacci number, in the form of a ring that is threaded by a flux (in units of basic flux quantum φ = hc/2πe) [13] ; the Hamiltonian looks like:
where ǫ i is the site energy at the i-th site; it takes on the value ǫ A or ǫ B depending on whether it belongs to an A-type or a B-type site in the Fibonacci sequence. The number operator n iσ =c † iσ c iσ and n i = n i↑ + n i↓ ; t is the hopping integral between the nearest neighbour sites. The phase factor (e iφ ) appears because of the flux threaded by the ring. U is the on-site Coulomb interaction.
On employing the GHFA the Hamiltonian is decoupled into up-spin and down-spin parts with the modified site energies for the up-and the down-spin electrons. The modified site energies are given by:
This decoupled Hamiltonian is then diagonalized (in a self-consistent manner) for both the up and the down spin parts separately. We then calculate the ground state energy E g by summing the states up to the Fermi level for both up and down spins corresponding to a desired filling:
where E nσ 's are the single particle energy levels obtained by diagonalizing the decoupled Hamiltonian for the spin species σ.
The expressions for charge density wave (CDW) and spin density wave (SDW) order parameters are
i (n i↑ + n i↓ − 1), and
respectively. The Drude weight which is a measure of the conductivity of the system is given by [4, 13, 14] :
(ii) Finite temperature calculation
Upon diagonalization of the decoupled "independent electron" Hamiltonian one can calculate the partition function
where β = 1/kT , k being Boltzmann's constant and T, the temperature. This leads to direct calculations of several thermodynamic quantities. The Drude weight can be evaluated from
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III. Results for zero temperature
Our results are based on calculations for two different sizes of the Fibonacci ring, 34 and 55. The primary set of results are for a 34-site ring which is cross-checked against that for a 55-site one wherever required. We started our iteration with ǫ A =0 and ǫ B = ǫ > 0, with U ≥ 0. After achieving the self-consistent solution we find out n i↑ and n i↓ for each site i, which enables us to calculate the CDW and SDW order parameters defined in (3) . E g is obtained as a function of φ, by summing over states up to the Fermi level for both spins. The double derivative of E(φ) with respect to φ at φ=0 gives the Drude weight. We have carried out the calculations for a given system size with a fixed value of ǫ while varying U and vice-versa. Fig. 1(a) shows the plot of E g vs. U/t for the 34-site ring with ǫ = 1.0 for different fillings. E g increases with increasing U and also with increasing filling. However, for ǫ = 0 and for very small values of U value of E g is lowest for the half-filled band [15] . This feature is showing up in the cross-over in the curves even for ǫ = 1.0. Fig. 1(b) is a similar plot at ǫ = 1.5 where this cross-over is suppressed due to enhanced diagonal disorder. Fig. 2(a) shows the variation of the Drude weight for the periodic Hubbard chain (ǫ = 0) with varying U/t at different fillings for a 34-site ring. In this plot one can observe that the Drude weight has got a maximum around U = 0 at half-filling since conductivity is proportional to the number of particles; on the other hand, the effect of correlation being maximum at half-filling, the decrease of the Drude weight is steepest with the increase of U/t. The lower the filling, the slower is the fall of the Drude weight starting from a lower value at U = 0. It is the finite-size effect which gives a nonzero value of the Drude weight up to a certain value of U/t at half-filling. However, in presence of the Fibonacci modulation in the site potentials, the competition between correlation and "disorder" enhances delocalization and, thereby, increases the conductivity. As a result of this, there should be a gradual rise in the Drude weight with increasing U/t. Such a competition between the Hubbard correlation and the aperiodic Fibonacci modulation is indeed showing up in the plots of the Drude weight in Fig.s 2(b) and 2(c) with ǫ = 1.0 and 1.5 respectively. This is further revealed in the fact that the rate of increase of the Drude weight (as can be seen on comparison of Fig.s 2(b) and 2(c)) gets enhanced with the increase in the "disorder strength" ǫ at and around the half-filling. It can be argued on a heuristic ground that at U ≃ 0, there will be a considerable number of double occupancies (two electrons with opposite spins) that would favour to sit on A-type sites with lower site-energies for ǫ = 0; this tendency of "pinning" would decrease the Drude weight for all fillings from that of the case with ǫ = 0. An increase in the value of U would tend to melt the "doublon"s and thereby undo the "pinning" effect. This would make the electrons more and more delocalized resulting in a rise of the Drude weight with increasing U/t for ǫ = 0. After attaining a maximum value at a certain U/t, say (U/t) c which depends on the value of ǫ and the filling (apart from the system size), the Drude weight will again fall with increasing U/t because of the usual suppression of the conductivity by the Hubbard correlation. The value of (U/t) c increases with the lowering of the band filling, which is expected because of the reduced effect of correlation at lower fillings. The general features noted above for the case of a ring of 34 sites are also observable in a larger ring of 55 sites. In Fig. 3 we compare the variations of D against increasing U/t for different values of ǫ at the filling n = 28 55
. However, the lowering of the value of the Drude weight with decreasing band-filling will not take place in a monotonic fashion, in sharp contrast to the 34-site case. This is because of non-uniform spacing between energy levels for finite-sized chains with Fibonacci aperiodicity. One can convince oneself just by comparing the finite-size gaps at the highest occupied single particle energy levels for U = 0 at different fillings for the two system sizes.
The plots of the SDW order parameter S against U/t are given in Figs.  4(a), 4(b) and 4(c) for ǫ = 0, 1.0 and 1.5 respectively for half-filled and nonhalf-filled rings of 34 sites. In the periodic case (i.e. ǫ = 0) in Fig. 4(a) , S remains vanishingly small upto a certain value of U/t and then sharply rises with increasing U/t. Since the effect of Hubbard correlation is maximum at the half-filling, S rises at the earliest for half-filling while for the other fillings it grows very slowly at higher values of U/t. The value of U/t upto which S remains vanishingly small agrees with (U/t) c that observed the sharp fall of D in Fig. 2(a) . On introduction of the Fibonacci modulation (e.g. with ǫ = 1.0 and 1.5 in Fig.s 4(b) and 4(c) respectively) it is observed that S remains very small value upto a larger value of U/t, because of the enhanced delocalization due to interplay of correlation and "disorder" that has already been noted in the context of discussing the Drude weight. It is noteworthy that the value of U/t upto which S remains vanishingly small is not exactly matching with the (U/t) c observed for the Drude weight in case of lower fillings (compare the filling 13 34 in Fig.s 2(b) and 4b) . Moreover, the value of S for lower fillings at higher values of ǫ is considerably larger than that for half-filling (e.g. compare the case of 15 34 -th filling in Fig.s 4(a) and 4(b) ). Also there are non-monotonic features in the increase of S with U/t for such cases ( Fig.s 4(b) and 4(c) ). This is due to the formation of local SDW clusters separated from each other. Due to the presence of holes (compared to case of half-filling where large Hubbard correlation excludes the holes to bring in an SDW modulation) these local SDW patches are separated out and thereby remain out of phase with respect to each other. Consequently, the value of S becomes small at lower fillings for ǫ = 0. In presence of the Fibonacci modulation, however, there may arise a "pinning" tendency for the holes at special sites. Hence the reduction in the value of S becomes less pronounced with lowering of filling at higher values of ǫ. This is also responsible for unusual non-monotonic increase of S for lower fillings in case of ǫ = 1.5.
The conjecture made above is also supported by the plots (Fig.s 5 (a) and 5(b)) of the CDW order parameter C defined in (3). We find that at half-filling C gets diminished for larger U/t; in fact there is a "knee" in the plot around the value of U/t which is equal to the (U/t) c identified in Fig.s  2(b) and 2(c) . However, the reduction in C is much slower for lower fillings. This is due to the "pinned" holes and local SDW clusters which contribute to the value of C as computed by (3) . Apart from this we observe a general increase in the value of C with increasing ǫ. This is expected because a larger Fibonacci modulation would give rise to a larger density modulation. It should be noted here that the charge order parameter, as computed by (3), corresponds to a maximum for alternating binary ordering (ABABABAB...). But in the present case, the Fibonacci pattern being an incommensurate one, the charge modulation driven by the diagonal aperiodicity is not an alternate binary ordering. Such a charge profile gets further modified by the presence of the Hubbard correlation. What we observe is a component (i.e. a projection) of the resulting charge order− the component being consistent with an alternate binary pattern.
To check out the formation of local SDW patches we plot the average occupation n i and average z-component of the spin S i z against the site index. We have chosen the filling 13/34 at ǫ = 1.5 and U = 3.0 which falls in the domain where the unusual behaviour in Fig. 4(c) is observed. It is clear from the charge-profile (Fig. 6(a) ) that the occupancy drops down at B-type sites indicating the tendency of "pinning" of holes. On the other hand the spin-profile (Fig. 6(b) ) shows that there are AB-or BA-type adjacent pairs that tend to retain almost same value of S i z -this giving rise to the out-ofphase local SDW clusters. Moreover, there are certain A-and B-type sites where S i z is vanishingly small corresponding to "doublon"s residing on those sites.
IV. Finite temperature calculation of Drude weight
The Drude weight, as calculated from (5), is plotted against the temperature in Fig.s 7(a) and 7(b) for system sizes N = 34 and N = 55 respectively. Cases with zero and non-zero values of ǫ and U are compared in the graphs. Since the effect of correlation is expected to play an important role at the half-filling, the 34-site system is studied at this special filling (= 17 34
) while for the 55-site chain we concentrate on the filling n = 28/55. Fig. 7(a) shows that for all the cases (zero and non-zero values of ǫ and/or U) the Drude weight starts rising with temperature in the low temperature regime. There is always a well-defined maximum followed by a gradual fall of the Drude weight in the high temperature regime. This semiconductorlike behaviour is expected even for ǫ = U = 0 due to the finite-size gaps in the spectrum. These gaps are modified due to different values of ǫ and/or U. Therefore, there is a quantitative change in the Drude weight with the change in parameters. Upon introduction of the Hubbard correlation there appears a gap at the Fermi level of an infinite half-filled chain. Here, for the finite chain, the Hubbard correlation U enhances the energy gap occurring at the middle of the spectrum, just above the highest occupied level. Consequently, the conductivity is markedly quenched compared to the periodic case (ǫ = U = 0). With the rise of temperature D gradually attains a maximum (of smaller magnitude compared to the periodic case) and then falls in the high temperature regime. On the other hand, the introduction of the Fibonacci modulation too depresses the conductivity due to the diagonal aperiodicity, as we have already noted in the zero-temperature results e.g. Fig.s 1(a)−1(c) . However, there is another interesting effect that the energy gaps between successive levels are also drastically modified by the Fibonacci modulation.
As a result of this there is a possibility that the higher energy levels with smaller energy gaps become significantly populated at a higher temperature; this enhances the maximum of the conductivity for ǫ = 0, U = 0 compared to the case of ǫ = U = 0. This latter point is also revealed in the case of ǫ = 0, U = 0; in this case the position of the maximum shifts to a higher temperature due to the same reason. So, in such systems, the dc conductivity can be suitably tuned by controlling the diagonal aperiodicity as well as the electronic correlation.
The effect of band-filling could be another interesting point of study in this case. This is partly showing up in Fig. 7(b) , the case of the 55-site chain− just away from half-filling. The gross feature of the plots remaining the same, we find a few notable exceptions here. Firstly, the Hubbard correlation enhances the value of the conductivity compared to the periodic case. This is because, the gap above the highest occupied level (putting in the 28-th particle in an energy level staircase of 55 steps), which is just above the half-filling, does not increase with the introduction of U, rather it decreases. Secondly, the maximum of the Drude weight for ǫ = 0, U = 0 does not overshoot that of the periodic case, in sharp contrast to that observed in Fig.  7(a) . In fact in a larger system the diagonal aperiodicity is expected to play a greater role in diminishing the dc conductivity.
V. Conclusion
Summarizing, we have studied finite-sized Fibonacci-Hubbard chains at different band fillings. In the present work, within the mean-field approach of GHFA, we calculate the ground state properties e.g. the ground state energy, the spin and charge order parameters, and the dc conductivity both at zero and finite temperatures. The well-known crossover among the ground state energy curves at different band-fillings (as a function of the Hubbard correlation) is strongly suppressed by large values of the Fibonacci modulation. We find that the dc conductivity, as obtained from the Drude weight [4, 13] , shows a strong dependence on the band filling. On the other hand, the competition between the Fibonacci modulation and the Hubbard correlation tends to enhance the conductivity at zero temperature in the intermediate coupling regime. However, in the asymptotic cases of very weak and strong Hubbard correlations (in presence of a reasonable modulation in the site potentials), the conductivity is reduced due to diagonal aperiodicity (driving towards a Fibonacci modulated charge ordering) and electronic correlation (bringing in antiferromagnetic fluctuations) respectively [11] . The SDW order parameter strongly grows with Hubbard correlation at half-filling. It is expected to be suppressed in a non-half-filled band. Although this is the case for a pure one band Hubbard model (ǫ = 0), the Fibonacci-Hubbard chain (ǫ = 0 together with large values of U) shows an exception. This can be explained on the basis of formation of local SDW patches separated by "pinned in" holes and "doublons". Such a conjecture is also evidenced by the enhancement of the charge order parameter in going from half-filling to the cases away from half-filling in the regime of large U with ǫ = 0. Finally, the charge and spin density profiles also reveal this fact.
For the case T = 0, we find that due to the presence of finite-size gaps in the spectrum the conductivity shows a general semiconductor-like behaviour, details of which of course depend on the particular values of the parameters together with the band-filling. It is the effect of the scattering due to the diagonal aperiodicity and the modification of the energy gaps close to the highest occupied energy level that decides the change in the value of the Drude weight.
As revealed in the present study, the competition between electronic correlation and diagonal aperiodicity leads to interesting effects in the properties of such systems at both T = 0 and T = 0. It is, therefore, worthwhile to make further studies of such systems. For example, it would be interesting to see the effect of different types of quasiperiodic modulations and the effect of external fields in such systems, using similar mean-field approaches as well as techniques beyond the mean-field approximations [2, 11] . S grows with U/t only at half-filling; however, there is a considerable increase in the value of S with U/t for cases away from half-filling with ǫ = 0. Also there is a non-monotonic feature of S in the large U/t regime (see discussions in the text). 
